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A. G. Gorshkov, E. I. Grigolyuk 

(Moscow) 

ABSTRACT. Problems involving the  impact of f l a t  
and elastic bodies aga ins t  a l i q u i d  began t o  be in t ense ly  
inves t iga t ed  as f a r  back as t h e  1930's i n  connection wi th  
designs of hydroplanes during landing and sh ip  impact aga ins t  
waves [l-31. 
t h e  values and the  cha rac t e r ' o f  t h e  d i s t r i b u t i o n  of t h e  
hydrodynamic load on t h e  su r face  of t h e  body are influenced 
by many f ac to r s .  
f a c t o r s  i n t o  cons idera t ion  i n  v i e w  of t h e  non l inea r i ty  of 
t h e  boundary conditions on t h e  f r e e  sur face ,  t h e  presence 
of cu r ren t  f i l aments ,  and sp lashes  leading t o  discontinuous 
so lu t ions .  

During an impact of a body aga ins t  a l i q u i d ,  

It is  d i f f i c u l t  t o  take a l l  of t hese  

A t  t h e  present  t i m e ,  the  water impact of r i g i d  bodies 
has been inves t iga ted  i n  g r e a t e s t  d e t a i l .  Problems i n  which 
t h e  hydroe las t ic  i n t e r a c t i o n  between a body and a l i q u i d  w a s  

, t a k e n  i n t o  account have been inves t iga t ed  drawing upon t h e  
concepts introduced i n  t h e  1930's by Wagner e s s e n t i a l l y  f o r  
flat-keeled bodies [3-51. A d e t a i l e d  bibliography of t h e  
problem of impact of bodies aga ins t  a l i q u i d  i s  given i n  
the survey 161. 

An ana lys i s  i s  made here  of t h e  vertical  i m p a c t  of a 
th in ,  mildly sloping sphe r i ca l  s h e l l  a g a i n s t  the  sur face  of. 
an i d e a l l y  incompressible l i qu id .  The contour of t he  s h e l l  
l eans  aga ins t  an  elastic r i b  which i s  attached t o  a r i g i d  body 
of m a s s  M exceeds many t i m e s  

t h e  mass of the  s h e l l ,  mo. 
impact ve loc i ty  v 

c i n  the  l i q u i d .  

The m a s s  of t h e  r i g i d  body, M 0' 0' 
It is  assumed t h a t  t he  i n i t i a l  

is  small compared t o  t h e  ve loc i ty  of sound 
0 

* 
Numbers i n  t h e  margin i n d i c a t e  t h e  pagination i n  t h e  o r i g i n a l  fore ign  text. 

1 



1. Below we s h a l l  l i m i t  ourselves t o  a d iscuss ion  of only a x i a l l y  sym- 

metric deformations of t h e  s h e l l .  Then, f o r  c e r t a i n  r a t i o s  of t h e  parameters 

of t h e  s h e l l  and t h e  support  r i b  [7], t h e  equation of motion of t h e  s h e l l  i n  

terms of t h e  normal bending w1 and t h e  boundary conditions can be w r i t t e n  i n  

a p a r t i c u l a r l y  simple form 

Here 

- - 
where h,  R are the  thickness and t h e  r a d i u s  of curva ture  of t h e  s h e l l ;  v.E,poJ 

are t h e  Poisson r a t i o ,  e l a s t i c i t y  modulus, and dens i ty  of s h e l l  material, 

respec t ive ly ;  p ,  c are the  dens i ty  of t h e  l i q u i d  and t h e  ve loc i ty  of sound i n  

i t;  R is  t h e  r ad ius  of t h e  support r i b ;  t is t h e  t i m e ;  r i s  the  r ad ius  vec to r  

of t h e  c y l i n d r i c a l  coordinate system; p i s  t h e  hydrodynamic pressure;  v i s  

t h e  s h e l l  motion v e l o c i t y  as a r i g i d  body; N 

i n  t h e  s h e l l .  

0 

i s  t h e  cons tan t  i n i t i a l  stress 0 

In t he  de r iva t ion  of Equation (l), w e  have not  taken i n t o  account the 

fo rces  of i n e r t i a  i n  the  middle su r face  of t h e  s h e l l  and t h e  p ro jec t ion  of 

t h e  i n e r t i a l  fo rce  due t o  t h e  motion of t h e  s h e l l  as a r i g i d  body on t he  tan- 

gent t o  the  s h e l l  contour. 

t h e  inner  normal. 

A p o s i t i v e  bending va lue  i s  i n  the  d i r e c t i o n  of 

I n i t i a l l y  w = dw 16% = 0 f o r  F 0. 

2. To determine t h e  hydrodynamic loads  i n  t h e  i n i t i a l  s t age  of t he  - /91 
i n t e r a c t i o n  of t he  s h e l l  with t h e  l i q u i d ,  w e  s h a l l  u se  the  same concepts 

t h a t  Wagner used f o r  t he  wedge i n  the  two-dimensional case [l]. For s m a l l  
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.depths of immersion, t h e  flow around t h e  body of r evo lu t ion  w i l l  b e  analogous 

t o  t h e  flow i n  f r o n t  of a n  equivalent d i s k  of r ad ius  b ( t )  which moves forward 

i n  t r a n s l a t i o n a l  motion. 

Then t h e  v e l o c i t y  p o t e n t i a l  f o r  a perturbed motion of t h e  l i q u i d ,  cp= 

= v t +  q Z 9  (assuming i t  e x i s t s )  may be represented i n  t h e  form (Pot are t h e  . -  

e l l i p t i c a l  coordinates) 

Here p2n+t(p),  Q z n i . l ( i ~ )  are Legendre polynomials of f i r s t  and second kind; 

P=o corresponds t o  a free su r face  of l i q u i d ;  E;=O corresponds t o  t h e  su r face  

of t h e  disk.  

The poten t ia l -q%'  corresponds t o  a t r a n s l a t i o n a l  motion of t h e  d i s k  with 

v e l o c i t y  v, and t h e  p o t e n t i a l  vz i s  due t o  the  presence of an  add i t iona l  

v e l o c i t y  f i e l d  dw/dt,which i s  caused by a deformation of t h e  s h e l l  [8,9]. 

Afte r  conversion t o  dimensionless coordinates,  we ob ta in  the  following 

on t h e  b a s i s  of t h e  Cauchy-Lagrange r e l a t i o n  

+ To YV --a2 - -dvl V2a 
dz 

p* = p1* -F pz*, ,PI* = 

where 
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The funct ion  ~ ( t )  'has i n  t h i s  case been introduced formally by analogy 

wi th  t h e  impact of r i g i d  bodies,  and no longer has  un ive r sa l  meaning as it 

d id  i n  the  case of impact of r i g i d  bodies (u (z ) ,mus t  be  found during t h e  

so lu t ion )  e 

I n  de r iv ing  Equations ( 3 ) ,  we have neglected c e r t a i n  terms i n  t h e  Cauchy- 

Lagrange i n t e g r a l ,  t h e  terms being propor t iona l  t o  the square of t h e  t o t a l  

v e l o c i t y  of motion of t h e  l i q u i d .  

increase  i n  t h e  depth of immersion. 

The r o l e  of t hese  terms increases  with an  

The g r e a t e s t  d i f f i c u l t y  i n  t h i s  approach c o n s i s t s  i n  determining t h e  

r ad ius  of t h e  wetted sur face ,  b ( t ) .  

i n t e g r a l  equation as i n  t h e  case of a vertical  impact of a f la t -kee led  

elastic body [51. 

It can be found from t h e  corresponding 

Here, t o  s impl i fy  the  problem, t o  determine b ( t )  we s h a l l  consider t h e  

vertical impact of an  equivalent mechanical system cons i s t ing  of two r i g i d  

bodies of masses Mo and m 

l i q u i d  i s  made by t h e  body m whose m a s s  and the form of t h e  impact su r f ace  

correspond t o  t h e  mass and form of t h e  r i g i d  s h e l l .  

w i l l  be  described by the  following equations [31: 

connected by an elastic spr ing .  Contact wi th  t h e  0 

0 
The motion of t h e  system 

.. ( 4 )  . 
XI 4- o x ( x 1 -  "2) - Q = 0, (1 + rn)xz" + m'q3.' - o ( q  - 5,) - O= 0 

and 
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Here y i s  the  displacement of t h e  body M o; y2 is t h e  displacement of 1 
t h e  body mo; u 
grav i ty  . 

is  t h e  s t i f f n e s s  of t h e  spring; g is t h e  a c c e l e r a t i o n  of 0 

The s t i f f n e s s  of t h e  spr ing ,  w may be determined experimentally 0' 
o r  t h e o r e t i c a l l y .  

In t h i s  case, t h e  func t ion  u=x2'/a'  i s  defined by t h e  expression [lo] 

l + a 2  l + a  1 
4a2 4-a  2a 

u=- ln--- (5) 

To system ( 4 )  we must add the  i n i t i a l  condi t ions  

z ~ = = z ~ = O , -  Z ~ * = Z ~ * = V ~  f o r  Z-0 (6) 
r 

System ( 4 )  with (5) and (6) w a s  i n t eg ra t ed  numerically using t h e  Runge-' 

Kutta method ( the  s t i f f n e s s  wo was  determined i n  terms of t h e  frequency of 

t h e  f i r s t  o s c i l l a t o r y  mode of t h e  s h e l l ) .  

mined t h e  func t ions  a(z) ,  u(z), -v(z> and v'(t) . 
By so lv ing  t h i s  system, we de te r -  

The d a t a  thus obtained w e r e  

used subsequently t o  so lve  Equation (1). 

3 .  For the  p a r t i c u l a r  case discussed here,  i t  is  convenient t o  r ep resen t  

t h e  displacement of t h e  s h e l l ,  W ( G  4, i n  t he  form 

where lo(~,h) is  the  zero-order Bessel func t ion ,  and Er are t h e  r o o t s  of t h e  

equation J o ( E r )  -= 0. . 
Expanding the  ex te rna l  load i n t o  a series in t he  corresponding Bessel 

functions,  after using the  I. G. Bubnov procedure [ll] we s h a l l  ob ta in  a 
system of ordinary d i f f e r e n t i a l  equations i n  t h e  generalized coordinates,  
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I 
which w a s  i n t eg ra t ed  numerically by t h e  Runge-Kutta method wi th  t h e  

following va lues  of t h e  c h a r a c t e r i s t i c  parameters of t h e  s h e l l  and t h e  medium: 

, -  

k = 0.0255, TO = 0.42, = 3.91, 11 = 0.428, Vo e 6.66*10-', v = 0.3, x = 0.07. 

Calculations w e r e  done f o r  i = 1 - 7,  n = 0 - 4 .  

W. w The f i g u r e  shows the  v a r i a t i o n  

of t h e  t o t a l  bending w (curve 1) and V 

0.6 t h e  v e l o c i t y  (curve 2) a t  t h e  cen te r  

0.5 
of t h e  panel. I n  t h e  same f i g u r e ,  

curve 3 cha rac t e r i zes  the  v a r i a t i o n  

wi th ' t ime  of t h e  v e l o c i t y  of t h e  

e n t i r e  system as a r i g i d  body, V,  and 

curve 4 corresponds t o  V'. 

The greatest cont r ibu t ion  t o  t h e  t o t a l  bending i s  made by t h e  f i r s t  fou r  

terms of t h e  series. 

Received 1 J u l y  1970 

6 



REFERENCES 

1. Wagner, H. Impact and Sliding Processes on Fluid Surfaces. Math. and 
Mech., Vol. 12, No. 4, 1932, pp. 199-215. 

2. Sedov, L. I. Impact of a Solid Body Floating on a Liquid Surface. Trudy 
TSAGI (Tsentral'nyy aerogidrodinamicheskiy institut im. N.Ye. Zhukov- 
skogo), NO. 187, 1934, pp. 1-27. 

3. Sydow, J. Influence of Springs and Tipping on Landing Impact. Deutschen 
Versuchsanstalt fiir Luftfahrt, Jahrbuch, 1938, pp. 93-102. 

4. Povitskiy, A. S. Landing of Hydroplanes. Trudy TSAGI, Vol. 423, 1939, 
pp. 1-83. 

5. Meyerhoff, W. K. Calculation of Hydroelastic Impact. Schiffstechnik, 
Bd. 17, V o l .  60, 1965, pp. 18-30, Vol. 61, 1965, pp. 49-64. 

6. Grigolyik, E. I. Problemy vzaimodeystviya obolochek s zhidkost'yu 
(Problems of the Interaction of Shells with a Liquid). 
of the VI1 All Union Conference on the Theory of Plates and Shells, 
1969, Moscow, "Nauka" Press, 1970, pp. 755-778. 

Transactions 

7. Grigolyik, E. I. and A. G. Gorshkov. Effect of an Acoustic Pressure. 
Wave on a Sloping, Spherical Shell. Doklady AN SSSR, Vol. 182, No. 4, 
1968, pp. 787-789. 

8. Wilkinson, J. P. D., A. P. Cappelli and R. N. Salzman. Hydroelastic 
Interaction of Shells of Revolution During Water Impact. 
Vol. 6, NO. 5,  1968, pp. 792-797. 

AIAA Journal, 

9. Gbrshkov, A. G. and F. A. Kogan. Impact of Elastic and Rigid Bodies on 
Water. Izvestiya AN SSSR, MTT, No. 5 ,  1969, p. 189. 

10. Schmieden, C. Impact of Bodies of Revolution on a Water Surface. Math. 
and Mech., Vol. 33,'No. 4 ,  1953, pp. 147-151. 

11. Gubnov, I. G. Comments on the Work of Professor S. P. Timoshenko, 
"Stability of Elastic Systems". 
putey soobshcheniya, No. 31, 1913, pp. 33-36. 

Sb. S-Peterburgsk. Instituta Inzh. 

12. - . Izbr. Tr. (Collected Works), Leningrad, Sudpromgiz, 1956, pp. 136- 
139. 

Translated for National Aeronautics and Space Administration under Contract 
No. NASw 2035, by SCITRAN, P.O. Box 5456, Santa Barbara, California, 93108 

7 


